Background. With the recent postlicensure identification of an increased risk of intussusception with rotavirus vaccine, the 14 Latin American countries currently using rotavirus vaccine must now weigh the health benefits versus risks to assess whether to continue vaccination. To inform policy considerations, we estimated excess intussusception cases and mortality potentially caused by rotavirus vaccine for each of the 14 countries and compared these estimates to hospitalizations and deaths expected to be averted through vaccination.
Methods. We used regional rotavirus disease burden and rotavirus vaccine efficacy data, global natural intussusception and regional rotavirus vaccine-related risk estimates, and country-specific diphtheria, tetanus, and pertussus vaccination coverage rates to estimate rotavirus vaccine coverage rates. We performed a probabilistic sensitivity analysis to account for uncertainty in these parameters.
Results. For an aggregate hypothetical birth cohort of 9.5 million infants in these 14 countries, rotavirus vaccine would annually prevent 144 746 (90% confidence interval [CI] , 128 821-156 707) hospitalizations and 4124 deaths (90% CI, 3740-4239) due to rotavirus in their first 5 years of life but could cause an additional 172 hospitalizations (90% CI, 126-293) and 10 deaths (90% CI, 6-17) due to intussusception, yielding benefit-risk ratios for hospitalization and death of 841:1 (90% CI, 479:1 to 1142:1) and 395:1 (90% CI, 207:1 to 526:1), respectively. In an uncertainty analysis using 10 000 simulations of our probabilistic parameters, in comparing rotavirus disease averted to intussusception events caused, the hospitalization ratio was never below 100:1, and our death ratio fell below 100:1 only once.
Conclusions. The health benefits of vaccination far outweigh the short-term risks and support continued rotavirus vaccination in Latin America.
Rotavirus is the leading cause of severe childhood gastroenteritis worldwide [1] . Since 2006, 14 Latin American countries have implemented a national rotavirus vaccination program, with 12 countries using Rotarix, a monovalent human rotavirus vaccine, and 2 using RotaTeq, a pentavalent bovine-human reassortant rotavirus vaccine [2] . In postvaccination years, substantial declines in diarrhea hospitalizations and deaths have been documented in many of these countries [3] [4] [5] [6] [7] [8] [9] [10] .
In 1999, a previous rotavirus vaccine, RotaShield, was withdrawn postlicensure from the US market after being associated with intussusception, a form of bowel obstruction [11] . The risk of intussusception with both Rotarix and RotaTeq was evaluated in large prelicensure trials of .60 000 infants each; no increased risk was observed. However, postlicensure evaluations have recently identified a short-term 4-6-fold elevated relative risk of intussusception in 1-7 days after dose 1 of Rotarix in Mexico [12, 13] and with both Rotarix and Rotateq in Australia [14] , which is substantially lower than the 30-fold increased risk in the first week after dose 1 of Rotashield [15] .
With these new risk data, Latin American countries need data on benefits and risks of vaccination in their own setting to help decide whether they should continue rotavirus vaccination programs. We modeled the excess number of intussusception hospitalizations and deaths caused by rotavirus vaccination for each of 14 Latin American countries and compared these to the number of rotavirus hospitalizations and deaths averted by vaccination, under a variety of vaccine risk and efficacy scenarios and incorporating country-specific published data whenever available.
METHODS

Vaccine Coverage
World Health Organization (WHO) birth cohort data were obtained from 14 Latin American countries with active rotavirus vaccination programs [16] (Table 1) . Six countries (Venezuela, Mexico, Brazil, Panama, Columbia, and Peru) were considered upper-middle-income countries, and 8 countries (Ecuador, El Salvador, Guatemala, Paraguay, Honduras, Bolivia, Guyana, and Nicaragua) were considered lower-middle-income countries, on the basis of 2009 World Bank Gross National Income per capita [16] . To model a fully matured rotavirus vaccination program, we based coverage estimates on diphtheria, tetanus, and pertussis vaccine (DTP) coverage rates. Because intussusception rates vary markedly by age during infancy, risk of intussusception attributable to vaccine is closely linked to age at vaccination. Thus, we applied dose-specific coverage at specific ages (,15 weeks, ,6 months, and ,9 months) using survey-based estimates of the timing of DTP administration [17] . Nicaragua and Guyana use the 3-dose RotaTeq vaccine, but the other 12 Latin American countries in this study use the 2-dose Rotarix vaccine. For simplicity, we assumed that all countries used the Rotarix dosing schedule and that infants received Rotarix doses 1 and 2 at the same time as DTP doses 1 and 2. The survey-based coverage rates were adjusted to reflect the reported national DTP1 and DTP2 (midpoint of DTP1 and DTP3) coverage rates for the year 2009 [18] . We applied upper age limits of 15 weeks for dose 1 and 9 months for dose 2, which closely reflects the current WHO recommendation (15 weeks and 32 weeks, respectively) [19] . Available data on timing of rotavirus vaccine administration from several countries, including Nicaragua, El Salvador, Mexico, and Brazil, indicate excellent compliance with this WHO recommendation [5, 8, 13] . The number of dose-specific vaccinations was computed as a product of the birth cohort and the proportion receiving DTP within each respective age category: ,15 weeks, 15 weeks-5 months, and 6-8 months.
Baseline Intussusception Rates
Few studies have assessed age-specific intussusception rates in the Latin Americas. Thus, pooled estimates of baseline intussusception hospitalization rates were calculated using published global literature for 3-month age intervals in the Desai et al d first year of life: 0-2 months (11.9 per 100 000), 3-5 months (89.1 per 100 000), 6-8 months (83.2 per 100 000), and 9-11 months (47.6 per 100 000) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . For all countries in our analysis, we assumed equal background rates for each week within each age interval. We used these pooled estimates to calculate the annual number of intussusception cases occurring in these age groups in each country in the absence of a rotavirus vaccination program (ie, baseline).
Potential Vaccine Risk
To compute the excess number of intussusception cases attributable to rotavirus vaccination, we applied risk ratio (RR) estimates generated by a recent postlicensure study in Mexico and Brazil to the baseline estimates of intussusception incidence. In this study, dose 1 of Rotarix was associated with a 5.3-fold (95% confidence interval [CI], 3.0-9.3-fold) increase in baseline risk of intussusception during the first week after administration in Mexico. An independent manufacturer-led study in Mexico and a study from Australia also evaluated post2dose 1 vaccine risk windows, and both studies found clustering of excess intussusception cases in week 1 after dose 1, confirming the small excess risk during this period [12-14, 32, 33] . In contrast, there was no evidence for excess risk following the first dose of Rotarix in Brazil (RR, 1.1; 95% CI, .3-3.3) [13, 33] . On the other hand, a 2.6-fold (1.3-5.2-fold) increase in baseline risk of intussusception was observed during the first week after dose 2 of Rotarix in Brazil, but this increased risk after dose 2 was not observed in Mexico (RR, 1.8; 95% CI, .9-3.8). We used these country-specific RRs for Mexico and Brazil. To generate conservative estimates of safety for Latin American countries other than Mexico and Brazil, we assumed both a 5.3-fold increase in risk in week 1 after dose 1 and 2.6-fold increase in risk in week 1 after dose 2. Excess intussusception risk within a week after vaccination was calculated as the product of the baseline intussusception risk by week of age and the dose-specific vaccine-associated relative risk minus the baseline risk. The excess numbers of intussusception events after vaccination were calculated as a product of the number of dose-specific rotavirus vaccinations administered within each age interval (see above) and the excess intussusception risk within a week after vaccination with either rotavirus dose 1 or dose 2.
In the hospital-based postlicensure safety study, intussusception case fatality was 1% in Mexico and 5% in Brazil [13, 33] . Population-based data on intussusception case fatality are not available. Because of the possibility of out of hospital intussusception deaths, we conservatively assumed the higher mortality rate of 5% among intussusception cases in uppermiddle-income countries, and, to account for the decreased healthcare access in poorer countries, we assumed a 10% mortality rate in lower-middle-income countries.
Baseline Rotavirus Hospitalization and Mortality Rates
Rotavirus gastroenteritis hospitalization and mortality rates in the prevaccine era were obtained from country-specific publications when available [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] . For upper-middle and lower-middle-income countries without published rotavirus hospitalization rates, we took the product of a pooled value of all-cause diarrheal hospitalization rates from Latin American settings and country-specific etiologic fractions of rotavirus diarrhea hospitalizations [34, 36, 42, 43] . For countries without published rotavirus mortality data, we used WHO countryspecific estimates of rotavirus deaths [44] . We used published studies from the year 2000 or later to generate age distributions for rotavirus hospitalization and mortality for upper-middleincome [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] and lower-middle-income countries [61] [62] [63] [64] [65] : 0-2, 3-5, 6-8, 9-11, 12-23, 24-35, 36-47, and 48-59 months. To determine the mean proportion of children hospitalized by age category, we averaged the proportion of children in each age category across studies. For studies that did not provide such precise age categories, we extrapolated the age distribution based on the average proportions from countries that did.
Vaccine Benefits
Estimates of rotavirus vaccine efficacy were based on published Latin American Rotarix and RotaTeq studies ( Table 2) . Separate estimates were obtained for upper-middle-income and lowermiddle-income countries, with both partial (1-dose) and full (2-dose) vaccination schedules. Although efficacy against hospitalizations was available from clinical trials, efficacy against rotavirus deaths has not been directly evaluated. However, reductions in childhood diarrhea deaths after rotavirus vaccine introduction have been similar to estimates based on vaccine efficacy against hospitalizations [4] . Thus, we assumed that efficacy against death was equal to the efficacy against ''very severe'' rotavirus disease on basis of the 20-point Vesikari clinical severity score from the clinical trials (score $19) or effectiveness studies (score $ [15] [16] [17] [18] [19] [20] . In upper-middle-income countries, we estimated full vaccine schedule efficacies to be 85% for hospitalization and 100% for death [66] . In lowermiddle-income countries, we estimated full vaccine schedule efficacies to be 66% for hospitalization and 80% for death [5, 8] . In all countries, we estimated partial vaccine schedule efficacies of 51% for hospitalization and death [5] . However, it is possible that efficacy of partial series of vaccine is even higher, which would further reduce the burden of severe rotavirus disease occurring between ages 2 and 4 months. The estimated number of rotavirus-associated deaths and hospitalizations prevented with the rotavirus immunization program in each of the 14 Latin American countries was a product of (1) number of rotavirus-associated deaths and hospitalizations among children ,5 years in each age category for each Latin American country; (2) schedule-specific vaccine efficacy for death and hospitalization in upper-middle and lower-middle-income countries; and (3) DTP dose 1 and DTP dose 2 vaccine coverage estimates at the beginning of each age category for each Latin American country.
Risk-Benefit, Sensitivity, and Uncertainty Analysis
We generated a country-specific table of baseline intussusception hospitalizations and deaths and rotavirus hospitalizations and deaths, as well as a benefit-risk table using the excess intussusception hospitalizations and deaths and the averted rotavirus hospitalizations and deaths. We performed a probabilistic uncertainty analysis for the hospitalization and death ratio of averted rotavirus disease for intussusception events to capture uncertainty in combinations of vaccine benefit and intussusception risk parameters. Uncertainty was accounted for in intussusception cases and death by simultaneously varying vaccine coverage, intussusception risk, and the intussusception case-fatality proportion and-in hospitalizations and deaths averted-by varying vaccination coverage, vaccine efficacy against hospitalization and death, number of intussusception hospitalizations or deaths, and the proportion of diarrheal deaths due to rotavirus, using the ranges and distributions (Supplementary Table 1 ). Ninety percent CIs are reported from 10 000 simulations to minimize the influence of outlying values of inputs with long-tailed distributions [67] .
RESULTS
In total, 7.8 million doses of rotavirus vaccine dose 1 are administered annually in the 14 Latin American countries included in this study, corresponding to 81% of their aggregate birth cohort. At 15 weeks, a crude average of 81% of infants had received DTP dose 1 in upper-middle-income countries compared with 73% of infants in lower-middleincome countries.
In the 14 countries, there are an estimated 13 rotavirus deaths (country-specific range, 5-134) and an estimated 479 rotavirus hospitalizations (country-specific range, 144-1016) annually per 100 000 children ,5 years of age. These rates translate to an estimated 6302 deaths and 229 656 hospitalizations occurring annually from rotavirus disease among children ,5 years of age. Pooled global age-specific estimates for baseline intussusception hospitalization rate per 100 000 infants were 11.9 (0-2 months), 89.1 (3-5 months), 83.2 (6-8 months), and 47.6 (9-11 months). Given these rates, at baseline a total of 5556 intussusception hospitalizations and 326 intussusception deaths were estimated to occur annually among an unvaccinated birth cohort of infants born in these 14 Latin American countries in their first year of life (Table 3) .
Rotavirus vaccination would avert 144 746 rotavirus hospitalizations (90% CI, 128 821-156 707) and 4124 rotavirus deaths (90% CI, 3740-4239), whereas it would potentially result in an excess of 172 intussusception hospitalizations (90% CI, 126-293) and 10 intussusception deaths (90% CI, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] annually during the first year of life, yielding benefit-risk ratios for hospitalization and death of 841:1 (90% CI, 479:1 to 1142:1) and 395:1 (90% CI, 207:1 to 526:1), respectively (Table 4) .
Absolute numbers of lives saved and hospitalizations prevented in these 14 countries were 3998 (90% CI, 3717-4236) and 142 804 (90% CI, 129 126-156 832), respectively. Aggregate age-specific excess intussusception events and averted rotavirus disease from rotavirus vaccination, as well as baseline values without vaccine, are presented for all 14 Latin American countries (Figure 1) . In an uncertainty analysis using 10 000 simulations of our probabilistic parameters, in comparing rotavirus disease averted to intussusception events caused, the hospitalization ratio was never below 100:1, and our death ratio fell below 100:1 only once (Supplementary Figure 1) .
DISCUSSION
To err on the side of safety in our analysis, we made several conservative assumptions for model parameters. First, the baseline estimates of intussusception rates from the pooled global analysis (35-119 events per 100 000 live births) [20] [21] [22] [23] [24] [25] [26] [27] [28] were greater than estimates from 3 small regional studies in Latin America (22-55 events per 100 000 live births) [29] [30] [31] . We chose the global analysis because they offered age-specific intussusception rates and included national data rather than hospital-based cohorts. Second, we extended both the risks from Mexico for dose 1 and from Brazil for dose 2 to the other 12 Latin American countries without country-specific data, because the reasons for differences in risk between Mexico and Brazil remain unclear [13] . Third, we assumed higher intussusception case fatality for middle-income countries than those reported from a study performed in Mexico, in order to reflect events occurring in areas with poor healthcare access.
We also doubled intussusception case fatality in low-middleincome countries relative to high-middle-income countries to account for the relatively larger rural zones in these countries. Finally, indirect benefits of vaccination have been documented with rotavirus vaccines, and if these were included in our analysis, they would further tip the balance in favor of rotavirus vaccination [5, 6] .
Despite these conservative assumptions, our benefit-risk analysis shows that the annual number of deaths and hospitalizations from rotavirus disease averted by vaccination far exceeds the annual number of intussusception deaths and hospitalizations that could be potentially caused by vaccination in these 14 Latin American countries. Even considering the relatively high proportion of intussusception hospitalizations requiring surgical intervention, the benefit-risk ratios for death and hospitalization of 395:1 and 841:1 overwhelmingly favor the benefits from vaccination. Together, these findings support the public health benefits of continuing rotavirus vaccination in Latin America.
Estimates of disease incidence, vaccine efficacy, and intussusception risk are the main drivers of the benefit-risk analysis, and our confidence in the model results depends heavily on the accuracy of these inputs. The incidence of rotavirus hospitalization has been well established in Latin America, with country-specific estimates of laboratory-confirmed rotavirus hospitalization burden being available for 9 of the countries in our analysis [36] [37] [38] [39] [40] [41] . However, few studies have made postmortem determination of the etiologic cause of diarrheal deaths. Thus, in our model we used published country-specific rotavirus death estimates, which have been determined on the basis of rotavirus prevalence among children hospitalized with diarrhea. Reassuringly, however, the observed reductions in diarrhea deaths after rotavirus vaccination in Mexico [4] and Brazil [68] have validated the estimate of the vaccinepreventable burden of diarrhea deaths attributable to rotavirus before rotavirus vaccines were introduced. These findings substantially improve our confidence in the rotavirus mortality inputs for the model. The large clinical trial of Rotarix was conducted in 11 Latin American countries providing robust and representative vaccine efficacy data [69] , which have been confirmed by postlicensure effectiveness studies [5, 68] . Moreover, several Latin American countries are now in their third or fourth year of vaccine use, and the sustained declines in diarrhea deaths and hospitalizations after vaccine introduction have reaffirmed vaccine efficacy estimates (Supplementary  Table 2 ) [3] [4] [5] [6] [7] [8] 10] . In our analysis, we did not assume any reduction in vaccine effectiveness over time, as this was not significantly appreciated in clinical trial data [69] . The intussusception risk used in our model was obtained from postlicensure trials, which are subject to reporting bias; a Intussusception hospitalizations were calculated by multiplying age cohorts by global age-specific intussusception rates for each country.
b Intussusception deaths were calculated by multiplying intussusception hospitalizations by a hospitalization fatality rate of 5% for high-middle-income countries and 10% for low-middle-income countries, based on available literature.
however, a similar small post2dose 1 rotavirus vaccination risk has been confirmed by 2 independently conducted studies [14, 70] . The use of inputs generated by regional studies conducted under real world conditions, as well as the bounds of our uncertainty analysis, suggests that our conclusions are robust. WHO recommends that the first dose of rotavirus vaccine should be given by 15 weeks of age [71] . This maximizes the benefits from vaccination by immunizing children early in life before they are at greater risk from severe rotavirus gastroenteritis. Background rates of intussusception vary markedly by infant age, with an 8-10-fold increase between infants aged 1-3 and 4-6 months [20] . Assuming that rotavirus vaccine-associated intussusception risk, relative to background intussusception risk, is stable with age, administering vaccines early in life also minimizes the excess intussusception risk [72] . Because data from several Latin American countries indicate good compliance with WHO recommendation of initiating rotavirus vaccination by 15 weeks of age [5, 8, 13] , it is possible that the vaccine-attributable risk of intussusception is lower in Latin America compared with a risk that could be seen in countries where delays in vaccination are common [17] . However, we showed elsewhere that even when an age restriction is not imposed, at hypothetical intussusception risks similar to those modeled in this study, the benefits in terms of lives saved are substantially greater than the risks of intussusception in settings with high rotavirus mortality and delays in vaccination [73] . Moving forward, each country will have to assess the risks and benefits of expanding the age of administration of rotavirus vaccination in their own setting based on the local burden of rotavirus disease, particularly mortality, and the timeliness of vaccination.
In summary, substantial reductions in deaths and hospitalizations from diarrhea have been well documented with use of rotavirus vaccines in Latin America and are in contrast to the short-term, lower-level risk of intussusception. For an individual child, decisions about vaccine-related benefits and risk should be made by informed parents after effective communication with their providers. From a public health perspective, however, our analysis shows that the documented health benefits of vaccination far outweigh the risks and supports continued rotavirus vaccination in Latin America.
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Potential conflicts of interest. All authors: No reported conflicts. Figure 1 . A, Baseline and averted rotavirus hospitalizations and baseline and excess intussusception hospitalizations by age. Excess intussusception hospitalizations by age group are as follows: 0-2 months (n 5 50), 3-5 months (n 5 120), 6-8 months (n 5 2), and 9-11 months (n 5 0). B, Baseline and averted rotavirus deaths and baseline and excess intussusception deaths by age. Excess intussusception deaths by age group are as follows: 0-2 months (n 5 3), 3-5 months (n 5 7), 6-8 months (n 5 0), and 9-11 months (n 5 0).
